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SYMOPSIS 


The thesis consists of four major sections. Section 1 
deals with the solid state properties of Ni0--Al20^ systems. 
Section 2 is devoted to the catalytic activity of hiO-AlgO^ 
systems for the vapour phase decomposition of cyclohexanol. 
Kinetics and mechanisms for the parallel dehydrogenation and 
dehydration of cyclohexanol over lTiO-Al20j systems are given 
in section 3. Section 4 deals with the liquid phase oxidation 
of tetraJ-in over I\i'i0-Al20j systems. 

Supported HlO-ilgOj oatalyots containing upto 20 per 
cent by weight of KiO calcined at 450°C for 12 hours have 
been studied by means of various chemico -physical techniques. 
The internal distribution of the active species^ size and 
shape has been determined using electron microscopy. The 
thermal analyses indicate that at 400°C, KiO is formed which 
remains unchanged on further heating. Evidence for the 
spinel formation nickel-aluminate was not indicated by x-ray 
and electron microscopy. 

The catalytic vapour phase decomposition of cyclohexanol 
has been studied over MiO supported on jO. 20^, Experiments have 
been carried out to study the influence of content of active 
phase in the catalyst and reaction temperature on catalytic 
activity. Catalyst containing 20 per cent' by weight of NiO 
(^0-20-450-12) exhibits a less activity which is shown to 
be related to the crystal growth of nickel oxide on tho 
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support 1120^. The product distribution strongly suggested 
two distinct regions in the activity of ^ 0 - 1120 ^ systems; 
parallel dehydrogenation and dehydration in the low temperature 
region (300-350°C); consecutive dehydration and dehydrogenation in 
the high temperature region (350-400°C). 

Kinetics of parallel dehydrogenation and dehydration 
of cyclohexanol on N'i 0 -Al 20 ^ system have been investigated 
in an isothermal packed bed reactor at atmospheric pressure 
between 300-350'^G, Various Hougen and Watson types of rate 
equations were examined by linear and nonlinear estimations. 

The later treatment showed the adsorption of water reduced 
the dehydration rate and must be included in any mechanism. 

A statistically best rate expression was obtained for both 
dehydrogenation and dehydration reactions from the experimental 
data. 

Kinetics of liquid phase oxidation of tetralin was, 
investigated between the temperatures of 45-85°C at regular 
intervals of lo'^C with M’i0-Al20^ systems. The effects of 
catalyst ratio, catalyst composition, catalyst calcination 
period and hydrocarbon concentration on the reaction rate 
were studied. A rate expression was derived from the proposed 
mechanism. 
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1.1 INTRODUCTION 

111 the past 25 years, supported metal oxide systems 
have been one of the major areas of investigation in 
heterogeneous catalysis. These systems find wide appli- 
cations in many important industrial processes such as 
oxidation, reduction, hydrogenation and dehydrogenation. 
Supported NiO provides an example for the various problems 
encountered when dealing with an active component NiO 
dispersed over an inert support (AlgO^) . 

A number of authors [1-8] have treated the thermal, 
structural, mechanical and electrical properties of alumina- | 
supported nickel oxide in the temperature range of 600-1500°C 
in some detail, however, very little is reported of the ! 

characterization of nickel oxide-alumina catalyst in the i 

temperature below 600°C [9-11]. Some of these authors [10-11 
have evidence for spinel formation at 600°C or below, 

however, others [9] failed to have direct identification 
for spinel formation. 

Kurkova et al. [1] studied the effect of active compo- ' 
nents NiO, CoO, Mn02 ^^2^3 ^2*^5 rate of 

phase transformations in y-Al 20 ^ in supported catalyst 

systems. For the Al20^-Ni0 catalyst containing 10 per cent 
NiO appeared some what more stable than 1120^. This may be 
associated with the formation of a solid solution of the 


spinel NiAl 20 ^ in the AI 2 OJ 
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G-avrish' and Zoz [2] investigated the change in the 
phase composition of carrier while heating in oxidizing 
and reducing media. The changes in the properties and phase 
composition were established with increasing concentration 
of nickel nitrate hexahydrate. Weak traces of E'iAl20^ were 
observed after holding the samples at 900°C. The formation 
of h'iAl20^ is practically completed at 1500°C. 

The influence of carriers on the physico-chemical 
properties of NiO were reported by Umemura [3]. Domaka et al 
[4] investigated the influence of the temperature of calci- 
nation of ili, Pe oxide catalysts on some of their physico- 
chemical and catalytic properties. The catalytic test 
reaction was the decomposition of isopropyl alcohol and the 
cracking of cumene. The phase boundary surfaces of the 
^ 0 - 1620 ^- NiT'e^O^ system to be the main source of the 
catalytic activity of these oxides. 

Kat sobashvilt et al. [5] studied the effect of chemical 
composition of Al 20 ^ impregnated with NiO, MoO^ and Ov^O^ 
catalysts on the stability of their structural and mechanical 
properties during heat treatment, FiO increased the structur 
and mechaiiical properties of the heated catalyst and Gr 20 ^ 
was of no significant effect. 

tlaconu et. al. [6] employed X-^ray analysis, reflectance 
spectroscopy and magnetic measurements to investigate the 
interaction which takes place when nickel oxide is supported 
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on Ti and It was found that a 'surface spinel' 

iTiiO. 20 ^ is formed. 

There appears to he no prior detailed study on the 
solid state properties of supported ITiO-Al^O^ catalyst systems. 
In order to contribute to the literature and to clear up 
some aspects concerning the nature of the active sites in 
relation to the catalytic activity, investigations have been 

! 

carried out with a series of supported Fi 0 -Al 20 ^ catalysts. 

This section aims to elucidate the solid state properties 
of H‘i0-Al20^ systems. Supported lTi0-Al20^ catalyst systems 
containing upto 20 weight per cent NiO have been studied in 
detail by means of electron microscopy, DTA, TGA, DTG, X-ray, 

IE and B.E.T. studies. ; 

i 

" ■ i 
' I 

i; 

! 


i 

[ 

i 
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1.2 EXPERIMENTAL 

1.2.1 Preparation of Catalyst 

The experimental system studied was the impregnation 
of gamma alumina with nickel nitrate hexahydrate. G-amma 
alumina supported catalysts containing 5 to 20 per cent hy 
weight of i'TiO were prepared by the method of impregnation 
recomraended for the mixed catalysts [12-14]. Reference to 
various samples will be made by giving their composition as 
weight per cent of NiO followed by temperature and duration 
of calcinationj hence NiO-5-450-12 means a saanple of NiO 
supported on alumina having 5 per cent of the active element 
as NiO heat treated at 450°C for 12 hours in air. 

1,2*2 Physico-Chemical Characterization 
(a) X-ray powder analysis 

X-ray powder diffraction spectra were obtained at room 
temperature using General Electronic Diffractometer (XED-VI- 
Generator SPG-4 detector and SPG-2 Diffractometer) with 
nickel filtered Cu(Ea) radiation. The diffractometer was 
operated with 2^ diverging and receiving slits at a scan 
rate of 1*^ per minute and a continuous trace of intensity 
as a function of 20 were recorded. Spectra of finely 
ground samples were run in the 2 0 range of 0 - 70? 
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(b) Infrared spectroscopy 

Transmittance spectra of powdered samples 200 mesh) 
were recorded in the range of 4000-250 cm“^ on a Perkin- 
Blmer -521 Grating infrared spectrophotometer using KBr disc. 

(c) DT and TG analysis 

Differential thermal analysis and thermo gravimetric 
analysis of the saoaples were carried out simultaneously using 
a complex thermo analytical equipment , [Derivalograph, M.O.M., 
Budapest]. As a reference material a-Al20^ was used. All 
the experiments were conducted in air at atmospheric pressure 
at a heating rate of 10°C min"'^. In, the TGA experiments 
650 mg of the samples were, heated at the same heating rate 
until a constant weight was. obtained. 

(d) Surface area and pore volume 

Surface area of the catalysts, were determined from JI 2 
adsorption isotherms using B.E.T, apparatus. Pore volume 
and pore size distribution were measured by a mercury porosi- 
meter, 

(e) Electron microscopy: .. 

The transmission electronniioroscopy was carried out 
mainly to study the interaction, of NiO with gamma aliimina 
and also to estimate the particle size distribution of pure 
gamma Al20^ and almina supported EiO catalysts. Specimen 
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preparations were accomplished by suspending the particle 
of gamma alumina, nickel oxide and supported nickel oxide 
catalysts in 1 per cent collodion solution with the help of 
ultrasonic vibrator. The collodion plastic films were 
prepared by adding a drop of the above suspension over 
distilled water. The film was then finally mounted over 200 i 
mesh copper support grid of 3 mm diameter. Particles of i 

alumina and supported catalysts get embedded in the collodion i 
film which provides better stability during electron microscopy 

The Philips P.M. 301 electron microscope excited at 80 W\ 

o 

with eugocentic goniometer at a resolution better than 10 A ; 

was used during this investigation. The magnification and i 

rotation calibrations were carried out by standard procedures. | 
The diffraction camera constant (Xl) was calibrated for 80 iOT ' 
at a particular lens© setting using (111), (200), (220) and 
(311) diffraction lanes from evaporated pure gold film. 
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1.3 RESULTS AED DISCUSSION 
1.3.1 X-ray : 

X-ray powder spectra reveal the presence of both 

components NiO and Al20^ in all the samples examined. The 

d values for the NiO and y-A 120^ are given in Tables 1 and 2, 

calculated from the X-ray powder diffraction patterns. The 

d values are in excellent agreement with the d values reported 

for NiO and y-A 120^ [15, 22], The results of the analyses 

of the separate samples are given in Figure 1, There is an 

indication that the intensity of the line at the corresponding 

o 0 ; 

2 & values 37.4° (d = 2.41 A), 43.4°(d = 2.08A) and 62.8° 

O : 

(d = 1.476 a) increases with increased amount of NiO in the 
specimen. If attention is focussed on the intensity of the 
lines of pure alumina and nickel containing specimens as | 

compared to those of NiAlpO. [6], the absence of the diffractic 

^ o ° 

line corresponding to the 2 0 value of 19.8° (d = 4.5 A) 

indicated a lack in the formation of NiAl 20 ^ under the 

conditions of the system studied. This has also been noted 

by some authors [16, 17] previously. Although the evidence 

for the presence of NiAl 20 ^ on the surface of alumina is 

not easily offered by the X-ray techniques alone, electron 

microscopy has further supported the absence of spinel' 

formation. The results of electron microscopic studies are 

described later in the text. 
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TABLE 1 ; d -VALUES 

ASM 4-0835 [15] 
d -Values 
0 

A 

2.4100 

2.0880 

1.4760 

1.2590 

1.2060 

1.0440 


FOR BiO 


Calculated 
d -Values 
o 
A 

2.4088 

2.0880 

1.4750 

1.2600 

1.2060 

1.0430 


0.9582 

0.9338 

0.8527 
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TABLE 2: d -VALUE S EOR Y--4l20^ 


ASTM 10-425 [15] 

d Values 
0 

A 

4.560 

2.800 

2.390 

2.280 

1.977 

1.520 

1*395 

1.140 

1.027 

0.989 

0.884 


Calculated 

d Values 
0 

A 

4.530 

2.784 

2.387 

2.278 

1.970 

1.398 


In te ns 
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1.3.2 Infrared Spectroscopy 

In the transmittance spectra of Ni0--Al20^ systems 
(0-20 weight per cent MO calcined in air at 450°C for 12 
hours); we noticed intense absorption of MO (Plateau in the 
800-400 cm ^ region) covering any diagnostic Al-0 freq.uency 
in the b^llk. The 900 cm“^ Al-0 (plateau in the 940-500 cm""^ 
region) resolved into set of components at 925 and 885 cm~^ 
which is attributable to free Al 20 ^ present in the bulk. 

The transmittance spectra of -^^ 2^3 were similar to 

previously reported spectra of these oxides [18, 19]. 

1.3.3 DT and TG Analysis ; 

The PTA thermograms for the catalysts are shown in 
Figure 2. The DTA analyses of all catalyst sainples calcined 
at 450° for 12 hours show an endo-thermal transformation 
at 110° C. Except the 5 per cent MO on Al20^ sample, others 
show no further transformation till 600°C. In the case of 
5 per cent MO catalyst sample a small end 0 thermal drift 
was observed, at 300°C. These endothermic transformations are 
may be due to the atmospheric and crystalline water of 
dehydration.. In all the catalysts a small endothermal 
transformation was observed around 700° C which may be due 

to the phase transformation of Y“-Al 203 to a-Al 20 ^. 

The color of all the catalyst samples prior to DT 
analysis varied from green, greyish green to black as the 
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weight per cent of the active component HiO increases in 
the catalyst samples. At the end of the DT analysis, we 
observed the color of all the catalyst samples changed to 
blue color which could be accounted for the gamma to alpha 
phase transformation of alumina [6], 

TG- analysis was perforcaed with programmed temperature 
increase at a rate of 10°C per minute. The weight loss (in mg) 
as a famction of temperature for all the samples are illus- 
trated in figure 3. Prom the TG analysis it has been observed 
that there is a gradual loss in weight which is mainly due 
to the release of excess oxygen that MO contained when 
prepared by low temperature decomposition of nickel nitrate 
hexahydrate. The presence of excess oxygen in the catalyst 
samples are indicated by the gradual increase of the black 
color of the samples. These observations are similar to those 
reported previously [20, 21]. 

TG analysis was also performed for the pure nickel nitrate 
hexahydrate which was used in the catalyst preparations. The 
decomposition of the nickel nitrate hexahydrate to nickeloxide 
in air is complete at 400^0 as indicated by the observed 
weight loss of 75 pex" cent compared with the calculated value 
of 74.5 per cent for the conversion of nickel nitrate 
hexahydrate to nickeloxide. 




Fig. 3 " Thermogravimetric analysis. 
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1»3.4 Surface Area and ?ore Volume 

Surface area (S^) , pore volume (Vp) and porosity 
of th.e samples together with the calculated value of pore 
radii [ r = 2 are given in fable 3. 

1.3.5 Micro structure and <?r.vstal Structure of y-Alumina 

Electron microscopic observations show that the 

alumina particles have interconnected pores forming channels 
o 

of about 50A diameter. Though major portion of the alunina 

powder used in our study contains gamma alumina, close 

examination by the electron diffraction shows the existence 

of other forms of alumina. Figure 4 shows an alumina grain 

containing parallel rmicro-twin bands. The corresponding 

electron diffraction is given in Figure 4 b. The d values 

calculated from, this for several spots correspond to !C-alumina 
0 o 

(a = 9.71 A, C = 17.86 A hexagonal system), however, the 
complete indexing seems to be impossible. It is also 
interesting to note from electron diffraction that the grain 
structure has the tendency of displaying streaks due to 
one dimensional disorder and probably super lattice reflections 
Similarly other forms of alumina seem to coexist with the 
gamma alumina which cannot be deducted by the X~ray diffraction 
methods because of their bulk proportions being too small. 

Apart from this some grain appears to be very sensitive to 
electron beam. They tend to recrystallize with high exposure 
as evidenced from Figure 4c, 
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iiJLBCTROH MICilO&RlPH OP^ PURE y--A120^ GRAIR 

(a) P-uxe y-^2^3 

(b) Diffraction of (a) Pure Y~iJ-2‘^3 Grain 

(c) Micrograph Showing Recrystallization 
of Pure Y-AI 0 O 3 Grain 
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1.3.6 Electron Microscopy of Ni0-Al20? Supported Materials ; 

Eigures5a, b, c and d show the electron micrographs 

of alumina grains impregnated with 5 per cent, 10 per cent, 

15 per cent and 20 per cent NiO. The thin area of micrograph 

0 

of Eigu.re 5a, indicates particles of EiO of about 55 A 
dispersed homogeneously. As the concentration of catalyst 
increases the crowding of particles increases. Thus it is 
difficult to resolve isolated EiO particles at higher concen- 
trations. In fact NiO appears to form continuous thick 
layer throughout the surface. 

The electron diffraction patterns for the 15 per cent 
and 20 per cent NiO catalysts are shown in Figures 6a.aad b. 

The continuous lines can be indexed in terms of pure NiO (f.c,c. 

o 

structure a = 4.177 A) and the residual electron diffraction 
spots can be indexed on the basis of gamma and other forms 
of alumina, ¥e did not find any evidence to support the 
existence of nickel aluminate. It clearly shows that atleast 
NiO is not structurally affected by Al20^. The hexagonal 
spot pattern visible in Figure 6a, for 15 per cent NiO 

0 

seems to be indexable on the basis of Chi-Al 20 ^ (a = 5.56 A 
and c = 13.44 A). However, it does not mean that the 
structure has resulted due to NiO. In fact the study of pure 
alumina reveals that in addition to y~^ 2^3 structures 

exist within a small alumina particle. 
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PlGUIffi 5: electro?! MICROGRAPH OP SIHGLE GRAIES 

(a) HiO-5-450-12 

(b) I'!i0-10>-450-12 



ILECTRON MIGROaRA; 

c) fiO-15-450-12 

d) M0~20-450--12 
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Ni0(200) 


FIGURE Si POWDER BIEGTROH DIFFRACTION 
(a) RiO-15-450-12 
(D) 110-20-450-12 
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It should be remembered that most intense lines from 
different aluminas including emerge from almost the 

same Bragg angle. Thus any major alternations in structure 
of the alumina due to hiO can be followed by changes in 
electron diffraction intense lines. BiguresT a and b show the 
electron diffraction for pure alumina powder and 20 per cent 
NiO catalyst. Bo shift or change in pattern of alumina lines 
was obtained. Thus it is safe to conclude that alumina is 
not affected by BiO. 

The electron micrograph of polycrystal grain of pure 
alumina, 10 per cent, 15 per cent and 20 per cent BiO are 
shown in Figure 8 a,b,c and d. The corresponding frequency 
distribution curves are shown in Figure 9 a,b,c and d, 
respectively. In all the cases majority of particles fall 
below 1 pm size. This is quite possible as the cai’rier alumina 
has itself majority of particles below 1 pm. In principle the 
impregnation of alumina by BiO should not affect the particle 
size of the support. 

It is interesting to note that pore diameter of alumina 
support (Figure 4a) and the size of isolated particles (Figure 
5a) of BiO-5-450-12 are almost equal. This indicates that 
at lower concentration the pores are coated first and then 
with increasing concentration the external surface, resulting 
in continuous coating. Finally many pores may be completely 
filled resulting into loss of physical surface area. This is 
verified by the decreasing trend of surface area with catalyst 
composition (Table 3). 



FIGURE 7; POWDER ELECTRON DIFFRACTION 

(a) Pure y-AlgO^ 

(b) Ni0-20-450-12 
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FIGURE 8i ELBCTROE MICROGEiPH OP EOEYCEYSTAIi GRAIRS 

(c) Ri0-15-450-12 

(d) RiO-20-450-12 
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1.4 CONCLUSIONS AND RECOm-IElLDATIONS 

The salient findings of this study relative to NiO- 
Al 20 ^ systems are; 

TG analysis showed a gradual loss in weight which was 
attributed to the release of excess oxygen which NiO contained. 

The electron diffraction studies of commercial y~-^ 2®3 
showed that it contained, in small proportions other forms of 
aluTflinas. The alumina grains had interconnecting pores 

o 

forming channels. The pore size was of the order of 50 A. 

Neither alumina nor NiO were structurally affected by each 

other. This confirms the inertness of the alumina to NiO 

under the conditions of the system studied. In all the 

catalyst sami^les the majority of the support particle size 

was 1 pm. I'or 5 per cent NiO concentration the average particle 

0 

size of NiO catalyst was 55 A (NiO-5-450-12) . 

Evidence for the formation of nickel aluminate on the 
surface of alumina was not indicated by both X~ray and 
electron microscopic studies. 

Valuable information might be obtained for this system 
from a study of the detailed heat treatment of the catalysts 
and its corresponding physico-chemical properties. 
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2.1 INTRODUCTION 

Catalysts based upon Ni 0 -Al 20 ^ are remarkable for tlie 
multiplicity of the reactions they promote; these include 
reforming of hydrocarbons, hydration, dehydration, hydro- 
genation, dehydrogenation, oxidation and reduction. The 
mechanism of decomposition of cyclohexanol over Ni 0 “Al 20 ^ 
is luite unclear with respect' to nature of adsorbed species 
and with active centres of the catalyst. 

Paal et al. [1] and. .Lyubarskii and Strelets [2] investl 
gated the reactions of cyclohexanol in the presence of a 
carrier free nickel catalyst. The main reaction was dehydro-j 
genation giving cyclohexanone. This later suffered further j 
transformation into phenol. By means of radioactive tracers 
it has been shown that no direct dehydrogenation of the | 

saturated Og ring took place. Radiotracer studies also : 

showed no direct hyd ro gen o lysis of cyclohexanol. 

Tetenyi and Schachter [3] studied the dehydrogenation 
of cyclohexanol at 235°C over Fe, Ni, Co, Cu and Pt catalysts 
For the Pe, Co, Ni and Pt catalysts cyclic hydrocarbons vre re 
also formed mainly because of the hydrogenation or dehydro- 
genation of cyclohexene produced by the dehydration of cyclo- 
hexanol. For Ni, Fe and Pt the rate of ■ desorption of 
cyGlohexene was slower than that of the transformation of 
cyclohexene to benzene. At 235°C the dehydrogenation of 
cyclohexanol was much slower, i 
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It has been shown by radiotracer studies [4] that in 
the presence of copper and nickel , cyclohexanol gives phenol 
exclusively via cyclohexanone whereas in the presence of 
Pt there is a direct pathway for the dehydrogenation of 
cyclohexanol into phenol. 

The effect of nickel crystal size on catalytic activity 
of nickel supported on silica-alumina using ethane hydro- 
genolysis as the test reaction was investigated by Carter 
et al, [5]. It was found that the catalytic activity of 
nickel decreased with increasing crystallite size to a larger 
extent. The specific catalytic activity of nickel thus decreased 
as the crystallite size increased. I 

Kf awezykova et al, [6] studied the rate of dehydrogenation; 
of cyclohexanol to cyclohexanone over Ni-Al20^ at 170°C. It 
was found that the rate was greater in the presence of phenol 
than in its absence and reached a maximum at a phenol concen- 
tration of 30 pe 2 ? cent. Increasing the catalyst concentration 
from 1 to 5 ' 9 ®'^ cent increased the rate of reaction only 

slightly, I 

Edwige et al. [7] reported, that the dehydrogenation of 
cyclohexanol to cyclohexanone on NiO starts at 220°C and is 
96 per cent completed at 450°C. A small amount of cyclohexene 
is foimed at 250-300°G. In the dehydrogenation of cyclo- 
hexanol, 31 to 48 per cent Ei on gives only cyclohexene, i 

but with 70 per cent Ei on Al^O^ approximately 5-6 per cent 

' . ^ i 

■■ ' "" ■ ' ' , I 
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cyclohexanone is formed. On 1120^-85 per cent hiO catalyst, 

40 per cent cyclohexanone is foimed at 400°C. 

The results of comparative study of nickel oxide - 
aluimina and nickel oxide - silica-alumina catalysts [8] in 
the light of the characteristics of the support systems 
alumina and silica-alumina showed that the impregnation of 
NiO does not produce any significant change in the textural 
characteristics like surface area and pore volume of the support 
oxides. The activation energies for dehydrogenation and 
dehydration are 21,2 and 11,2 KCal mole~\ respectively, 

Skrigan [ 9] reported that with maximum concentration 
12.1 per cent Go on MgO catalyst rate of dehydrogenation of 
cyclohexanol to cjrclohexanone at 235-285°C increased linearly , 
with contact time indicating a diffusion controlled reaction. 

Belskaya et al. [10] studied the dehydrogenation of 
cyclohexanol on Cu/Al20^. They reported that to increase 
the activity and selectivity of a catalyst as well as its 
stability the title catalyst contains 15-25 per cent of Ou 
£md promotor K 2 O 1-3 per cent on a support consisting of 
fibrous alumina. 

The dehydrogenation of cyclohexanol in a fixed bed of 
eatalyst in the temperature range of 210-300°C using the 
catalyst (Cu^ 47 4 ^ 1 and U, 1 per cent) 

was studied by Pillai and Euloor [11], The data are expressed 
in the form of first order forward snd second order backward 
rate equations. 
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Straszko [12] described extensive studies on tlie 
catalytic activity and tlie physico-chemical properties of 
bineiry and ternary systems such as lTiO/Al 20 ^, Fi/Si 02 , 

Ni/MgO, Ni0/Al20^ and Ni-C0/Al20^. The structure of the 
catalyst carrier was established by ir and X-ray methods. 

The structure of the deposited substances was determined 
by X-ray methods only. To determine the catalytic properties 
of each cat<'ilyst system its effect on the decomposition of 
isopropyl alcohol and on the hydrogenation of benzene was 
examined, ■ | 

Schiavello et al. [13] tested the catalytic properties 
of oomplGs of Ni^’''/Y-4l20^ and /r\-KL 2 ^-^ prepared in damp 

and in dry atmosphere for l!r20 decomposition. The results are j 

pi , , 2'4“ ! 

interpreted in terms of the different [Ni ] oct/[Ni ]tet 
ratio present in the various types of catalyst. It was 
shown that nickel ions exposed from octahedral sites [hi oct] 
are more active than those exposed from tetrahedral ones i 

[Ni^'*’ t0t]j hence a high catalytic activity parallels a high 
[Ni^'*‘ oct]/[hi^‘‘' tet] ratio, | 

Tasumura and Yoshino [14] studied the specific activity : 
of dehydrogenation of cyclohexanol at 200-375°C over Raney-Cu 
catfilyst. The most active composition was 40 per cent. When 
the alloy content was 80 per cent the catalyst showed dehydraxion 
proportios. At temperatures greater than 300°C the amount of 
cyclohoxone and water was increased in the reaction products. 
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The dehydrogenation of cyclohesanol to cyclohexanone using 
M-Al20^ catalyst with added Pt, KOtl, la^SO^ and Cr^O^ showed 
that Cr20^ had the greatest promoting ability and Pt the 
weakest. Na 2 S 0 ^ increased the selectivity of the process [15]. 

Skrigan and Dmitrieva [16] studied the catalytic activity 
of Cu applied on different supports (y-A 120^, a-Al20^, MgO, 
MgAl20^, ZnAl20^, ZnO, BeO, Si02 and Zr02) in the dehydro- 
genation of cylohexanol. Maximum activity was observed in the 
case of Y“*Al20^ support. The catalytic conversion of cyclohexano 
at 150-560°0 on Cu, Ni and Pt catalysts showed that dehydro- 
genation proceeded with all of the catalysts [17] . On Cu 
cyclohexono was not converted any further. On Pt and Ni 
catalysts cyclohexane and benzene were formed from cyclohexene. 

Prom the literature review it is evident that there 
appears to be no prior detailed study where Fi 0 -Al 20 ^ system 
was correlated with its activity for cyclohexanol decomposition. 
This prompted us to undertake this investigation to correlate 
solid state properties of a series of impregnated lTiO-Al 20 ^ 
samples to its catalytic activity. Extensive use of various 
tochniCLucs have led to considerable insight into the crystal 
size and specific surface as discussed in Section 1. 

The principal aim of this work is to examine the 
effects of several variables such as catalyst composition, 
reaction temperature, concentration of products of decomposition 
and especially to evaluate the role of active element and the 
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support in the mechanism of reaction. Studies of this type are 
expected to lead to a better understanding of the nature of 
active sites in relation to catalytic activity. Cyclohexanol 
which may react in different directionsis a very interesting 
substrate for the study of preferred reaction pathways and 
thoir possible explanation . 
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2.2 EXPERIMJiJNTAIj 

2.2. 1 Catalyst 'Preparation 

The preparation of supported hiO catalysts containing 
upto 20 weight per cent hiO calcined at 450^^0 for 12 hours 
and their characterization along with details of measurement 
of particle size distribution and crystal growth have been 
discussed in Section 1. 

2.2.2 Ap paratus and Procedure 

A schematic diagram of the experimental set-up for 
the catalytic vapour phase decomposition of cyclohexanol 
is given in Figure 1, The cyclohexanol was fed by the cali- 
brated metering pump into a preheater where it was vapourized. 
The vapour was then led to the reactor containing the 
catalyst. The reactor was partially filled with porcelain 
beads bo support the catalyst as well as to ensure uniform 
distribution of the reactant vapours. Besides, it helps the 
preheated reactant to attain the reaction temperature. 

The temperature in the catalyst bed was measured with 
an iron-constantan thermocouple located in a coaxial thermo- 
well, Temperature control was achieved by diluting the 
catalyst with inert porcelain beads in the ratio of 1:5 by 
volume. The main stream of the effluents from the reactor 
was cooled by condenser. The liq.uid condensate was analysed 
by the gas chromatography and the gaseous products were 


metored. 
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2,2.3 Analytical technique 

The analyses were performed Toy employing a C.I.C.A.C. 
gas chromatograph provided with a thermal conductivity 
detector, oven and injector. The output response of the 
chromatograph was recorded on a Honeywell recorder, 

A 254 mm long and 12 mm diameter copper tube packed 
with 20 per cent carbowax 20-M on Ohromosorb .P^i (30-100 mesh) 
was used as an analysing column in the chromatographs Hitrogen 
was used as carrier gas (60 ml min“^ flowrate). The tempera- 
ture of the detector and injector blocks were maintained at 
250°G and 220°C respectively. The temperature of the oven 
was kept constant at 160°C. Sample size of 10 pi was used. 



2.3 RESULTS AILD DISCUSSIOKT 


Experimental reaction data were obtained on a series 
of catalyst at a constant W/R = 50 g. hr.niole~^ in the 
temperature range 300“450°G. All determinations were made 
within one hour after activation of catalyst. After steady 
state was attained 7 analyses were made in 30 minutes 
intervals. The average of the last two values of these 
analyses was used for the estimation of conversion. The 
catalytic activity was defined as the number of moles of 
cyclohexanone formed per unit time per unit weight of catalyst 
(moles hr, g” ) . Reference to various samples will be made 
as discussed in Section 1. Initial runs, carried out with 
pure identical conditions, indicated that 

y-AlgO^ was acting as a dehydrating catalyst. The analysis 
of the products gave no indication of the formation, of 
cyclohexanone. 

Figure 2 shows the variation of activity as a function 
of temperature for various , catalyst compositions. In all 
the cases, the pattern of the plots was the same. The maximum 
activity was obtained with UiO-15-450-12 catalyst. It is 
also evident from Figure 2 that the activity , increases with 
temperature and passes through maximum at a temperature of 
350°C. This is possibly due to the change in mechanism of 
the reaction. To decide this aspect further, a complete 




2S0 275 300 325 350 375 400 425 

Tempcratur (•€) 

Fig.2-Catalytic activity ot Ni0-A!203 tor cyclohcxanol ctehyi 

at various temperatures. W/Fa:50g hr mote 
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product analyses were made at all temperatures. These results 
are given in Table 1. 

It follows from the experiments presented that, in 
the studied Hi0-Al20^ system, the influence of both the 
components becomes evident in its structural properties. The 
found dependence of catalytic activity (Figure 2) is typical 
for a modified surface of the catalyst. It is analogous to 
the dopondence found for the Fi0-Al20^ system using N2O 
deconixDOSition [13], where the authors explain the obtained 
course by the presence of surface spinel. In our case, the elec- 
tron microscopy and X-ray analysis of the samples (Section l) 
did not reveal the formation of the ’surface spinel’ (111^120^) 
cind the observed dependence seems then little probable to 
be explained in this way. 

The phenomena observed can be explained by the influence 
of the degree of dispersion of the active component as well 
as by the stoichiometric excess amount of oxygen present in 
the catalyst samples. As has been discussed in Section 1, 


the presence of excess oxygen in the hiO-15-450-12 and in 
Ni0~20-450-12 catalyst samples are indicated by the black 
color of the catalyst which may be important for the catalytic 
activity of HiO. This suggests that Ni ions are responsible 
for the catalytic activity of FiO, 

The electron microscopic analyses detected the 
presence of crystal growth of FiO on the 
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only in the case of ]\Ti0-2O~450-12 catalyst. A correlation 
with solid state properties may also he derived from the 
observation of close correspondence between the crystallite 
size (Eigure 5,d of section 1) and catalytic activity (Figure 2). 
On this basis, one is entitled to conclude that the catalytic 
activity decreased with increasing crystallite size to a 
larger extent than could be accounted for by the correspond- 
ing decrease in surface area. The surface area varied from I 

-1 

96 to 77 m^g~ . (Table 3, Section l). The catalytic activity 
is also known to decrease with the increase in particle size | 

of catalyst. For the particles below 1 p,m the nimber of i 

particles are maximum in the case of NiO-15-450-12 catalyst 

than IiO-5 -45 0-12, lTiO-10-45 0-12 and FiO-20-450-12 as i 

i 

discussed in Section 1 (Figure 9 (a-d)). i 

Garter et al, [5] investigated the effect of nickel 
crystallite size on the catalytic activit^^ of nickel supported 
on alumina using ethane hydrogens lysis as a test reaction. 

They also reported that the catalytic activity of nickel was 
decreased as the crystallite size increased. The decrease I 

in catalytic activity coiild not be accounted for by the | 

correspou-ding decrease in surface area. 

! 

At the outset of this part of the discussion it should 
be made clear that the main object of this study was to 
measure the product distribution and to deduce therefrom the 
possible reaction paths. The results of the product ; 
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distribution (Table 1) show the existence of two distinct 
regions in the ^ 0 -^ 120 ^ systems; parallel dehydrogenation 
and dehydration in the low temperature region (300~350°G) 
and consecLitive dehydration and dehydrogenation of cyclohezanol 
in the high temperature region (350-450°C) . The direct 
dehydrogenation activity of cyclohexanol changes more 
drastically above 350°C though the variation is much more 
smaller with the content of active phase in the catalyst (Table 1, 
This is in good agreement with the previous work [6,7] where 
the authors reported saiD.e amount of cyclohexanone in the i 

temperature range studied. 

Passing cyclohexanol over all the catalysts below 350°C, 
loss than 10 mole per cent of benzene was detected. More benzene: 
was formed at higher temperatures. This suggests that at 
higher temperatures cyclohexene adsorbs in the form of benzene 
and hydrogen. Similar results have also been reported in 
the literature with other catalysts for this type of reaction 
[14, 17-18], 

The formation of benzene may also be possible through 
hydrogenolysis of cyclohexanol, however a separate experiment f 
with cyclohexene in the absence of cyclohexanol showed that 
benzene is produced only through cyclohezene. Radiotracer 
studies proved no direct hydrogenolysis of cyclohexanol [1,2], 
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Studies conducted with, pure y-A 120^ in the temperature 
range of 300~450°C showed the presence of cyclohexane, 
cjT'clohexene , benzene, water and hydrogen. As has been said 
in the beginning of this section, no cyclohexanone was 
detected in the products. The predominant reaction is the 
cyclohexanol dehydration followed by hydrogenation and dehydro- 
genation of cyclohexene. Between 300-350°C cyclohexane was 
around 30 mole per cent whereas benzene was less than 10 mole 
per cent. The cyclohexene mole per cent decreased from 50 to 
30 as the temperature was increased. It was al-so observed 
that above 350°G no cyclohexane was formed, however, the 
formation of benzene from the particular cyclohexene increased 
rapidly. This suggests that at low temperature the dissociated 
hydrogen apparently can migrate to the other benzene/ cyclohexene 
molecules and hydrogenates them to cyclohexane, since the 
desorption of benzene was more difficult at these temperatures. 
On the basis of the above mentioned evidences the 
following reaction scheme may be postulated in the presence 
of H'i0“Al20^ catalyst (figure 3). 



NiO/Al203 



Fig. 3 -Different possible reation pathways. 
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2.4 CONCLUSIONS AND ELCOIfflBNDATIONS 

This study leads to information on the following 
points: 

The decrease in catalytic activity in the case of 
NiO-20-450-12 catalyst may be accounted for the crystal 
growth of NiO on the alumina support. 

The maximum activity was obtained with NiO-15-450-12 
catalyst. This may be due to the presence of maximum nimiber 
of p..irticlos below 1 pm size. 

ThG results of catalytic activity prove undoubtedly 
the oxistenco of two distinct regions in the Ni 0 -Al 20 ^ 
systems: low temperature (300-350°C) region exhibits a high 
activity for direct dehydrogenation of cyclohexanolj high 
temperature region (350-450°C) exhibits a high activity for 
consecutive dehydration and dehydrogenation of cyclohexanol. 
The present study indicates that the mechanism of 
cyclohexanol decomposition is much, more complex than had been 
roco^gnized. Further studies should be conducted at the 
catalyst calcined much above 450°C to avoid the existence of 
two distinct phases in the crystal lattice. 
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5.1 imODTJCTION 

0 

The study of the kinetic transformations of coupled 
lie boro/'.unaoua catalytic reaction is of practical importance , 
f.iiiici.; most industrial heterogeneous catalytic processes are 
st oichiometrically complex. Prom a theoretical point of 
vievi the study of the kinetics of coupled systems makes it 
possible to investigate the mutual influencing of single 
roo,c ILoiis ;.ind the occurrence of some phenomena unknown in 
tiiU kino t.i os of complex reactions, in the homogeneous phase. 

Thi.s (..ipjirL'oach can yield additional information about 
intojnic lions betv/eon 'the reactants and the surface of the 
solid catalysts. The kinetic analysis including, the effects 
oi products and other addends could also show whether it can 
provide information about identity or nonidentity of active 
contras for the parallel dehydrogenation, and dehydration of 
alcohols Oil oxide catalysts. 

Although several investigators [1-4] have made 
experimental studies on the decomposition of pyclohexanol, 
the reaction was more complex than had been recognized 
(ijoction 2). The decomposition of cyclohexanol leading 
oxcluBively either to cyclohexene or to cyclohexanone has_ 
frociuontly been used as a model reaction in studying the 
mechanism either dehydration or dehydrogenation and in testing 
the CO rro op ending catalysts [5-6]. A quantitative study of 
tho kinetics and mechanisms of the coupled systems, in general. 
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wli,o.ru botii reactions proceeded as parallel reactions has 
at brae bud lit tie attention [7-9]. 

jilniclyanov et al. [1] investigated the effect of carrier 
and proiiiotor on the properties of copper catalysts in the 
dehydrogenation of cyclohexanol. The reported activation 
energy was between 5.5 to 8,6 Z. cal /mole. Rovsic et al.[2] 
presented the structure, activity and selectivity for the 
iuU usti’ial copper-JHagnesium catalyst. .The activity and 
selectivity was determined in a continuous dehydrogenation of 
cyclohoxanol to cyclohexanone between 240-340° C. The yield 
of cyclohexanone increased upto 290°C and then rapidly decreased 
(due to phenol formation). 

The changes in the structure of a catalyst during 
catalytic reaction - dehydrogenation of cyclohexanol on liO 
were investigated by Ratnaswamy et al. [3], They inferred 
that during the reaction the catalyst undergoes reduction 
to the metallic state, 

Pillai and Kuloor [4] studied the dehydrogenation of 
cyclohexanol in a fixed bed of a catalyst (Cu;Cr20^;Ri.E20"4J) 
in the temperature range of 210— 310°C. The data are expressed 
in bJ'io foj.’iu of first order forward and second order backwaid 
ratu expression. 

.l\lo systumatic q.uantitative analysis of bhe experimental 
diAta on decomposition of cyclohexanol over RiO-Al^O^ system 
has been reported. Also values of the rate coefficients and 
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ti.dt;or|) li lou coefficients are unknown. Accuracy of the 
x,|n;riiiujnt';al data is of no guarantee of successful kinetic 
ai'ialyoic when the experimental programme suffers from lack 
of insight into the effect of different variables, f'roment 
[10] has discussed in detail the estimation of par^eters 
and has oinphasizod the necessity of the statistical testing 
oi: tliu re cults. 

In this investigation, increased emphasis has been 
placud on model discrimination and parameter estimation. The 
rufiotion was studied at atmospheric pressure, in the temperature 
raiip;tj of j5()U~350°C where the homogeneous reaction was negli-- 
giblc, The experimental results are analysed on the basis 
of Langtnuir-Hinshelwood kinetics with statistical data 
inlerpro bation to show the real significance of mechanism 
detormlriation with precise experimental data. 



3.2 i']Xl?i^li(Ii:iuJ.}i-TAI 


3.2.1 O at rL L.. Ygt ■Pr epara tion and Charact erization ; 

The preparation of liO-AIpO^ catalyst systems along 
with their characterization by means of X-ray, i.r., d.t.a., 
t.g.a., electron microscopy and B.E.T, studies have been 
reported in Section 1. The composition of the catalyst was 
cJi.oscii on the basis of an earlier study( Section 2 \ where it 
was cstn,l)l:i.!Jliod that the activity passed through a maximum 
over :i cabalysb composition of about 15 per cent by weight 
of hiO on alumina calcined at 450°C for 12 hours. The catalytic 
act.tvLty was defined as the number of moles of cyclohexanone 
formed per unit time per unit weight of the catalyst. All 
luns described in this study were performed exclusively with 
the catalyst of this composition (surface area = 87 m^/g). 

3.2.2 Apparatus and Procedure ; 

The flow system with general experimental procedures 
and method of analysis have already been described in 
Section 2. To establish the experimental conditions for 
which the reaction rate was not infliienced by external and 
internal diffusion, the influence of space velocity, catalyst; 
muGG find particle size was studied as in the usual mannei [11_3 . 

An ,a rcjrmlt of these preliminary studies the kinetic measure— 

- : -'1 

ifien'ln wore performed at flow rates from 0.57 - 5.7 moles hr 
(I.T.P. ) . Data were collected at temperatures of 300, 325 

and 350°C. 
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All reaction rate measurements were made after the 
ef5l>;i,bii;jl’Uiient of steady catalyst activity level. The various 
coia[)o;.!j, bions o'T feed for each isothermal set of runs ax's 
{j,'ivea in Table 1. In each case an accurate measurement of 
the rate was possible because at least one of the product 
was not present in the feed. It is well established that in 
dehydration water has substantially greater adsorption 
coefficlonts than olefin and in dehydrogenation it is ketone 
which ]j,a.D g;rcator adsorption coefficients than hydrogen [12,13]. 

J)e'hyd;r‘abioii conversions were calculated from the 
amounb of cycloliexono and dehydrogenation conversions from 
the firnounb of cyclohexanone in the reaction products. Other 
side reactions were not observed to take place under conditions 
of measurements. n ■ 

^ / N Moles o f cyclohexanone formed 

Dehydrogenation rate j = — ( 35 . ) ( ^ . of cat aly st J 

M oles of cvclohexene formed 
Dehydration race {r^J =■ ” ( hr ) ( ^ of cat al^tl 

, M oles of cyclohexanol reacted 
Overall reaction rate(r^j = (hr)(@ii.'' of catalyst j' 

( r j = r^ + r 2 ) 
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1 ; BXPERIMEM'AL feed CQMPQSIT.IOES ■ 


Rum 

i\fujiibors 
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3 *'5 uluOliLi'L’B IvND DIBCUSSIOF 

I lu-; muauurod reaction rate data are suioinarized in 
'l.'.U)ic! 2. The partial pressures are average of inlet and 
outlet values. The data points in ¥hich the reaction feed 
was a iJiixture of cyclohexanol and only one other component 
ax'e illustrated in i’igure 1. This graph indicates that the 
adset'i)! ] on of water has appreciable effect on the reaction 
r;,i. Le and unisL bo considered in any mathematical rate 
u3Lj)ro union; cyclohexanone has very little effect on the 
ratu. 

The tixnatraoiit of the experimental data is somewhat 
complioatod because of the complex nature of the coupled 
reaction system and the number of independent variables, that 
is, the four partial pressures and temperature in each 
roactron. Thu technilues of linear and nonlinear estimations 
wore applied to various mathematical rate expressions as a 
method of coriolating the experimental data. Based on Langmuir 
Hinoholwood kinetics the models were examined with respect 
l;<; uxporliiiontal data using the approach suggested by Hougen 
and Watson [14]. In this method various mechanisms which 

conbrol the reaction are postulated based on single-site 
and bwo typos of active sites, f 

cal Modelling^ 

A nonlinear computer program utilising the Marquardt^s 
algorabhiii [15, 16] was used to obtain a mathematical fit for 
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v.ii i.ou.j) Hou^'jCjn and Wa'fcson "types of ra"te eq_ua"tion.s [173 • 

'l.'Ji.lr> px'c),";i’:un minimised the residual sum of squares (RSS) 
during the regression. The nonlinear computer program 
improved basically upon the initial estimates of the various 
constants of tho rate equation until the RSS could no longer 
bo reduced. Approximate 95 per cent confidence intervals 
for tlic! various constants "were calculated from estimates of 
til oil’ i'tidividual variances, (o^). 

3.3.2 Model Pomp arisen ; 

/In UDtimabe of the variance of each model was calculated 
from tho RSS and the appropriate degrees of freedom (DF).* ■ 

The various models were compared statistically by forming a 
variance ratio. An P test with the proper degrees of freedom 
was bhon used to determine if the variances were significantly 
different at tho 95 per cent level [18]. Models can be 
rejected on the basis of negative adsorption constants or 
improper trends of these constants with the temperature when, 
in actuality, those constants are positive or have negative 
beiiipei’abare coefficients. Of course, physical mechanisms 
wliicli have such properties as adsorption constants with 
pooitivo temperature coefficients are extremely rare and if 
bho conctrAnbe of a model are aetually unae cep "table, the 
model Jiau generally been rejected [19], 
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llio Coupled reaction system studied has the following 
iH.’action scheme 


" 6%1 

(A) 



The possible isothermal rate equations for dehydro- 
^';u' null on b:u 3 ud on single and dual-site mechanisms with the 
ruuuufipt ion of an irreversible reaction are presented in 
Tnbiu ;j. Biiiiilar rate expressions were used for dehydration 
.T’alo data (subscripts id and H were replaced by S and, ¥, 
rcEspcctivoly ) , Those rate equations were derived with an 
adsorption term for each of the reaction components and 
diluont nitrogen, linear and nonlinear regressions of the 
rate equations were made at each temperature, idl possible 
combinations of the various adsorption terms were examined 
in order to allow for various negligible adsorption terms. 

The isothermal rate equations, basic types of which are given 
in Table 3, thus resulted in twenty-four different mathematical 
i'oiirio. The method of Yang and Hougen [17] was used to 
ellmin-'i,to some of the rate controlling steps. The rate data 
wliowud that t}io desorption of product was nov a rate cent roll— 

were eliminated 'from further 



ing step. Rato expressions 



3 ; POSSIBLE ISOTHEMAL RATE EQUATIONS 
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iioflo blun Clgll^^OH 
(A) 
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(Ri) 


(H) 


CgH^O + ^2° 

(S) (¥) 


Inert i Nitrogen 
(R) 


A* Slr it“..lu~Sito Mechanism 

it i. to Controlling Step Rate Equation 

, Adourption of cyclohexanol A 


b. SiLi i. acHj reaction 

c. DuEjox'ption of cyclohexanone Rl 

d. .Deoorption of Hydrogen H 

B. IJ ual-Uitu Mechanism 

R ato Controlling Step 

a. Adsorption of Cyclohexanol A 

b. Surface reaction 

c. Eooorption of cyclohexanone El 

d. 1)0 00 rption of Hydrogen H 


i ^Pi/d+t P4+%L %1 +%% 
+%Pjj) 

% 


Rate Equation 

d+%j^Pj[j_+%Pn+%Plf) 

W5A/e+ViH-%lPRl+%PH 
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coij.yitioi‘ation when any of the converged adsorption constants 
bu'c.’uiie ru-!g.'xtive . 

IVibiu 4 gives the rate models with all positive 
constants wiiicli had to be retained statistically after the 
isotiicrxiiial regressions. The converged values of the para- 
wotors of these models both by linear and nonlinear estimations 
are prosoritod in Table 5. 


The data were most satisfactorily correlated by 
HodoJ. D14 (dual-site surface reaction with cyclohexanol 
adsorbtjd ) for dehydrogenation while the kinetics of dehydration 
on this Cuitalyst could be better described by Model 1)13 (dual- 
site surface reaction with cyclohexene not adsorbed). 


The offect of temperature on the rate expressions was 
introduced by substituting the Arrhenius temperature dependency 
roiatioii for each of the parameters: 

The model D14 for dehydrogenation then becomes 


r. 






P, 


(1 + 


diiuilai’iy , for dehydration the model Dl3 becomes 

jrQ „ — Ij. 

e 1 


6 - 


The converged values of the parameters of these expressions 
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MODlilLS RBMAIIIH& AETER ISOTIKIMAL RE&RESSIOM 
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ai*t5 givcjii in Table 6, The values of aefivafion energies f on 
rid so rp Lion term are negative indicating a satisfactory 
to;iii})v,'i.';iLu.x‘u rolaitionship . The is positive as would be 

expected. 

The apparent activation energies for dehydrogena-tion 
>uu'.l d oliydr: vtion are 28*6 and 12.4 kcal mole”^, respectively, 
in igrooiit on L with the values reported by Viswanathan and 
Yruldnn.'ppnl Li [20]. This indicates that one of the effects 
of NIO on A3.p0^ may be the physical coverage of the surface 
run.:ui,LUig in tlio loss of surface of the dehydration of 
cy cl uhv;xanol and promotion of a competitive dehydrogenation 
reaction, 

Tho results of this work indicate that dehydrogenation 
and dehydration proceed on different sites of the catalyst, 
HevorthelCBS , comparable values of adsorption coefficients 
of cyclohuxanol for these two reactions show that primary 
inburaction of the cyclohexanol is rather non-specific; it 
might Lake place on surface sites which are not identical 
kolth reacLion centres participating in further transformation 
of adooidjod cyclohexanol. This primary interaction could be 
(jf pJiy !!-L(:al character [8 , 9 ] » physical charactei* of the ^ 
ad otm’p Lion of Liie reaction components is atleast partially 
J, nd. i cii'Lod nine by the fact that the gaseous component (hydrogen) 
dcjofi noL influence the reaction, while other (water) does. 
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!Miik!L£: QQITV'i’lHG-.tilD VALUES OF THE 'PARAMETER'S 




kJ 


AS 


A 


D14--DehydrogenatiorL 


Estimate 


5.35 x 10^ 

28.66 kcal(g.mole~^) 

2.8 X 10“® 

-17.89 ]£cal(g.mole“^) 


IlJ 

AE^ 

1C° 

A 

^0 



D13-DGhydration 

4.5 X 10^ 

12.4 kcal(g.inole“^) 

1.5 X 10~^ 

%■ . 

-5.87 kcal( g.mole”'^) 

8.7 X 10“^ 

-8.91 kcal(g,mole“^) 
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Tli.i.i! .'uinmuptioii could explain why water retards the reaction 
by which it is foimed. Though the best dehydrogenation 
nu;cli:'ui,isiu arrived by statistical analysis is independent of 
cyclohexanone adsorption coefficient, physically it does 
show little effect (Figure l). This may be the case where 
water tidsorbs on dehydrogenation active centres, on which 
Uio ruacllon which would lead to cyclohexanone formation 
do OS nob take place at all. 
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3,4 CONCLUSIONS AND RECOMMENDATIONS 

IUjouIOu on the decomposition of cyclohezanol over 
iLLU—AipO^ uIlow that water affects significantly the dehydration 
rate and this effect of product adsorption must be included 
in the raechonism. I'or dehydrogenation, the data were most 
s; it i Sii’actorily correlated by a mechanism of dual-site 
:,iu,r L'acu,; reaction which assumes that the rate controlling 
litaip Was tliu adsoi'ption of cyclohezanol. Similarly, the 
t, Lne 1. i Ci,'. of dehydration was described by a dual-site surface 
ra', i,cu, i utt wiUi cyoiohGxene not adsorbed. The apparent acti- 
v.'iiiim utierg'lv.'U i'or dehydrogenation and dehydration are 
28*6 and 12.4 k cal niole”^, respectively. 

it is expected that the present result will contribute 
to the understanding of the kinetics and mechanisms of the 
coupled reaction systems. 

Although, the proposed models for the dehydrogenation 
and dehydration satisfactorily explained the kinetic data, 
tho aoouiiiptions which are made in the development of the 
pal’ tit.;nla:£* rate expression must be verified individually. 
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KINETICS OF LIQUID PHASE OXIDATION OP 
TETRALIN OVER Ni0-Al20^ SYSTEMS 



86 


OOETMTS 

List of figures 87 

List of fables 88 

4.1 Introduction 89 

4.2 Experimental 94 

4.2.1 Materials , - 94 

4.2.2 Catalyst Proparation 94 

4.2.3 Apparatus and Procedure , 94 

4.2.4 lodonietric Method 96 

4.3 liusiiLts and Discussion ■ ' ' 98 

4.3.1 Effect of liO Concentration 98 

4.3.2 Influence of Hydrocarbon Concentration-^^ 
Catalyst Weight and Temperature 

4.3.3 Product Distribution 104 

4.3.4 Reaction Mechanism 104 

lOQ 

4,4 Conclusions 


References 


110 



87 


I'TGUiffi 

1 . 

2 . 

^ * 

4, 

5 . 


LIST OF FIGUEES 

Schematic Diagram of the Experimental 
Set-Up 

The Dependence of Oxygen Absorption Rate 
on The Weight Per cent of UiO for Tetralin 
Oxidation At 65°C and at a Catalyst Ratio 
of 0.25 gm/ml. 

The DopuiidencG of Oxygen Absorption Rate 
on the Catalyst Ratio for Tetralin 
Oxidation at 65 °C. 

The Dependence of Oxygen Absorption Rate 

103 

oh Tetralin Concentration at 65°C 
Tho Dependence of Oxygen Absorption Rate on 
the Catalyst Ratio for Tetralin Oxidation 105 
at 65°C.for UiO-20-450-12 Catalyst. 


Page 

95 

99 

101 


I 



88 


LIST OF TABLES 


TAiiLE 

1 Distribution of Products of Tetralin 


Page 


Oxidation 


106 



89 


4.1 INTRODUCTIOI 

Tho liquid phase oxidationof tetralin (1,2, 3, 4 tetra- 
hydro naphthalene ) with soluble catalysts have been studied 
extensively. The work reported so far on insoluble catalysts 
for the oxidation of tetralin is limited. 

George [1] conducted experiments on the surface 
catalysed oxidation of tetralin with 'inert powders' as 
oatalytsts. These inert powders contained very small amounts 
oJ' ti’.u'i sition element impurities. The primary product of the 
surface catalysed oxidation with the transition element is 
the Jiydroporoxlde, The effect of tetralin concentration 
on the rate was studied. The chain termination step involving 
oxygon was present. 

Initiation 

S + Og ^ ^ S. O 2 (slow) 

3 02 + RH — ->• S + R* + 02H‘ 

Propagation 

E' + O2 — ^ 

EOg + EH V fiOgH + r 

Termination 

RO- + O2 


1 


■^RO + O5 
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Mukherjee and Graydon [2] studied the liquid phase 
oxidation ol tetralin with insoluble catalysts and the 
roaction rates have been compared with those of the soluble 
ones. It was found that the catalysts like oxides of nickel, 
manganese and copper were extremely active while others like 
oxides of aluminum and zinc were inactive. The initial 
product of rcjaction was found to be tetralin hydroperoxide 
wh,ich decomposed further into its corresponding alcohol 
and kotono. Kinetic studies have been made with four of the 
boot cjitaly^its and the reaction mechanism was proposed. 

Inibiabion 

Ic 

1 — ^ R0‘M + 0H*M 


ROOH M 

R0*M + RH - 
‘oh M + RH 
Propagation 
H* + Oo 


kr 


ROH + R' 


k^ 


H 2 O + R 


RO, 


RO 2 + RH 


ROOH + R 


Tonflination (monomolecular) 
kr 

EO; ' — 


e5, 


' k, 


1 


^ R" CO + O 2 + H 2 O 
•>- R” GO + M'OH 


With H 

M 


^10 


active site of the catalyst surface 
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A^^tirwal aiid Srivastava [3] studied the kinetics and 
c;ib;i,Iybio behaviour of NiO supj)orted on alumina, activated 
cuxbon and MiMnO^ supported on alumina in the liquid phase 
oxidation of cumene. It was observed that the use of acti- 
vated carbon as a support instead of alumina induced increased 
activity, lower activation energies and shifted the limiting 
oxidation rate to" a lower catalyst amount. 

'i b iinti boon established that, for the heterogeneous 
li.quid i)h;'j.so oxidation of tetralin catalysed by transition 
nolal oxideo, there is a critical weight of catalyst above 
will oh bin.' rni'c of oxidation drops [2,4-6] which suggested 
bhnl: tiiu rubes of formation and distruction of hydroperoxide 
bociuno equal [7] . 

Seorgo and Robertson [8] have conducted experiments 
on the liquid phase oxidation of tetralin in the presence 
of heavy metal catalysts like ferric stearate and copper 
stearate. It has been shown that the primary reaction is 
the Chain formation of hydroperoxide in which the catalyst 
bo bh, starts and stops the reaction chains. The subsequent 
react Lon is the unimolecular decomposition of the hydroperoxide 
bo ;",ivo the ketone. They proposed the following mechanism. 
Initiation 

k, 

M + Og — ' 

— = — M + R + O 2 H 


M. ..Og + 
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Propagation 

H" 4- ©2 



RO2 + RH 


RO2 ■ 

RO 2 H + R* 


Termination 

RO2 + O2 RO + Oj 

ROg + M ^M....R02 

Arthur and Robert [9] investigated the kinetics of 
oxidation of tetralin reactions isothennally and by a heavy 
iiiubal activation cobaltous-acetate and benzoylper oxide. 

Tho rabcs of isothermal oxidation in the temperature rangfe 


of 69^ ~ 120°C are slower than the maximum rates observed 
by other means. This is due to the formation of self 
inhibitor (r-O-hs^-droxy phenyl butyric acid) which has been 
isolated in small aoiounts from thermally oxidised tetralin. 

Recently Srivastava and co-workers [10,11] studied 
the oxidation of tetralin in the region where inhibition 
was effective, in the presence of MnO 2 catalyst. Their 
results favoured the view that this oxidation involved simul 
taiiGoua formation and distraction of hydroperoxide. 

The kinetics and catalytic behaviour of oxidarion 
of tetralin in the presence of supported nickel oxide have 
not been discussed in the literature although it is well 
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dociimonbod that the activity of a catalyst can be drastically 
alt;orud by the support used and its method of preparation. 
Oaroful attention has been given to the iirfluence of catalyst 
ratio, catalyst composition, catalyst calcination period and 
hydrocarbon concentration on the reaction rate in the liquid 
phase oxidation of tetralin. 
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4.2 .wii’ijjaMENm 
4- . 2 . 1 Mi it trial s 

Pure tobralin was obtained from Kocli-Light Laboratories 
Ltd., Mono chlorobenzene of Sarabhai M. Chemicals was used as 
an inert solvent for varying the concentration of tetralin. 

Oxygen was supplied by Indian Oxygen limited, Kanp;ir. 

Nickel nitrate hexahydrate was obtained from Robert 
Johnson and alirainum oxide from Sarabhai M. Chemicals. 

hydro puroxide of tetralin was prepared separately by 
blio oxidation at 60^0 using the laboratory prepared NiO-AlgO^ 
catalyst a. 

4.2.2 Catalyst Preparati on I 

The preparation of supported NiO catalysts containing ; 

upto 20 v/oight per cent NiO calcined at 450°C for 4,8 and 12 
hours and their characterization along with details of ; 

iuousuroiaonl'ii of particle size distribution and crystal 
growth have been described in Section 1. Reference to various ; 
samples will be made as discussed in Section 1. 

4.2,35 Apparatus and procedure ; 

A schematic diagram of the experimental set-up for the | 

i 

liquid xiiiaao oxidation of tetralin is given in Figure 1, : 

The reactor consisted of a B55/54 glass joint of 
cajjacily 400 cc. Tetralin was purified by the method given 
by Coorgo ot al, [8]. The water bath was switched on and 
allowod bo roach the desired steady-state temperature which 

i 
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.1101 111 ' i,.LX.y booL an hour. Ths reac'toi’ was well washed 

, ' 1 . 11 ( 1 . tlri.oa. Tiio desired catalyst amount was taken into 
Ihi! 1 LO b o.i.‘ i Ltici bhe iron stirring piece was dropped inside 


che reac'bor, 20 ml of tetralin was added to the reactor. 

Little ojiiount of hydroperoxide of known concentration was 
added to the reactant, fhe reactor was connected to the 
burette and the*. system was evacuated by means of vacuum pump, 
'j'lie’u bJie uystuiu was filled, with oxygen. The reactor was then 
placed in the water bath soon after the water bath attained the 

t.'boudy boiiijioruturo ., 15 minutes later the magnetic atrirrer 
wuu nwibciiod on and the change in the burette reading for 
every five minute interval was recorded.. The normal riih was 
taken for 30 minutes after that 'products were allowed to cool 
down to room temperature and then centrifuged for 30 minutes 
at 000 Iti’M in order to separate the catalyst particles from 
the reaction products. The reaction products were hydroperoxide 


totraol, and totralone as were analysed by Mukherjee et al.[2]. 


4 . 2.4 lodomotrio ■method ; 

in a 250 ml flask 40 ral of isopropyl alcohol, 2 ml of 
ace bit,: acid and the sample (5 ml) were taken and heated to 
rolLux. Then 10 ml of saturated solution of sodium iodide 
in lijotiropyl alchol at room temperature (prepared by refluxing 
25 of eodiu-u iodide with 100 ml of isopropyl alcohol) 

was ad'Jcd to the flask and refluxed for 5 minutes. 5 ml of 
water was added and titrated with O.IN ^ 2820 ^ to the 


j;. 



97 


cii;sMp[jo:i,riuico of yellow color. This was used to analyse the 
fjoj'iot.Mi b.rTi,b Loii of poroxide present in tetralin and added peroxide 
to lip Iho reaction. 
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4.3 lUiSULTS MD DISCUSSION 

Iho oymbols RH, ROOH and ROH are used in general for 
hydrocarbon, hydroperoxide and alcohols respectively. Catalyst 
weight to hydrocarbon ratio is defined as the wei^t of the 
catalyst in grams divided by the volume of tetralin in ml. 

From the earlier experiments [2] it was concluded that 
uddibion of both catalyst and hydroperoxide was necessary 
to initinto the oxidation of tetralin. This was evident in 
tho proaont study, A critical ratio of hydroperoxide concen- 
tration to catalyst amount of approximately 3-4 x 10"’^ g,mole/g 
of catalyst was obtained. Further runs were conducted with 
this ratio. 

4.3*1 Effect of NiO Ooncentration 

Figuro 2 shows the rate of oxygen absorption as a function 
of weight per cent of NiO for different calcination periods. 

In the cases of 4 and 8 hours periods of calcination, the 
rates declined after 10 per cent by weight of NiO concentration, 
however, for the 12 hours calcination period the rates conti- 
nuously increased with increase in concentration of NiO. 

The color of the catalysts varied from green, greyish 
groan to black as the weight percent of NiO increased in the 
catalyut uiimplcs as well as with duration of calcination, 

Tho smaploa of 12 hours calcination are black in color. The 
black, grey and green forms of NiO were studied by X-ray 
motiiod which showed a greater broadening of the diffraction 
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l.j.iu-kj c) I Lin.) blixclc foirrii ovoi* Hiss© of gpsy’ aiid gresn foxnis, 

'I'hi- c().l.o.r‘ vn.,rl,';ibion ijiay be due to lattice imperfections 
iL L L.r,ll‘)U Led to excess oxygen and the green fonn is the stoichio— 
iiiotrLc oxide. The black color of the catalyst indicates the 
presence of stoichiometrically excess oxygen in the lattice 
oi NiO and increases with the p-type semiconductivity of HiO. 

'Ohio could account for increase in activity [12-14]. In the 
oo.oett of 4 ami 8 hours calcination, there appeared to be 
ocoludod oxideo of nitrogen in the impregniited samples thus 
ncoounling for Lhe decrease in rate after 10 per cent by weight 
ot. ijJ.U 111 Lhw t;riLiilyst samples. The increase in rate in all 
the OEUiipieu calciiied at 12 hours may be due to the removal of 
ocoluducl gasoo by prolonged heating [15]. Since 20 per cent i 

NiO support od on ^ 2^3 catalyst calcined for 12 hours gave 
thu laaxliiiuia rnlu of all the rates , further experiments were 
peri’ori.iod with this catalyst. The surface area (S^^), pore 
volu.io (Vp) ‘ind porosity of the samples together with the 
calcnlntwd v;iiue of pore radii (r = 2'V^/S^) are given in 

Tablu 1 of suction 1. ; 

Pipuruc 5 gives the comparison of rates .of oxygen 
Lou vurous catalyst ratio for 20 per cent MO on 
and pure NIU* It nay be seen that the rate with 20 per cent | 

catalyst is higher than that of pure MO. Immediately ; 

upjjfU’cnt from thu rate plots of Figure 3 is an observable effect; j 

thu oxidation incroasod with Increased catalyst ratios and I 



mm 
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r(;.u‘,iiud a hi.UAimuin at 0.28 pi/ml. A further increase iu the 
(.M, uaL.y 1/ X’csulted iii the decrease of the rate. The 

ducx’u.Uk'.u in rabo after the maximuni was also observed by 
Hukhur.juo et al. [2], 

4*3*2 Influence of Hydrocarbon C oncentration-Catalyst Weight 

a nd Temperature of Reaction 

I'ho influence of hydrocarbon concentration on the rate 
of oxiiiabion of totralin was studied with the mixtures of 
butj’al. in and mono chlorobenzene. Huns were made at the 
cubaiyul ratio of 0.10 gm/ml. The ratio was chosen on the 
basis that in this region of catalyst ratio, the limiting 
ratu of oxidation was not attained. The order with respect 
to hydrocarbon concentration was 1,0. (Figure 4.) A plot of 
rate of oxygen consumption versus the hydrocarbon concentration 
at a catalyst ratio where the limiting oxidation is reached, 
iu also given in Figure 4. An order of 2 was found with 
ruopoct bo hydrocarbon concentration. 

In order to improve confidence in the reported orders, 
runo woru also made at catalyst ratios near to levels at which 
the kinetic rogima was considered unstable. Included in 
Figure 4 ia a plot of rate against hydrocarbon concentration for 
a cat^ayab ratio of 0.2 gm/ml. The apparent order of 1.3 
pooMlbly rooulta from transition between these more normal 

roni)on£jof3, : .• .■ ; 




Log HC conc«ntfation,gmot/IH 


Th€ del 
te trot In 
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A log-log plot of - rate of oxygen absorption versus 
catalyst ratio is given in Figure 5. An order of 0.5 was 
found with respect to the catalyst amount considering all 
the points at the catalyst ratio below 0.2 ga/ml. 

The logarithm of rate of absorption oxygen was plotted 
with inverse of absolute temperature at the temperatures of 45°, 
55°, 65°, 75°, and 85° 0. The apparent activation energy for 
tho overall oxidation was calculated to be 11.8 kcal/mole, 

4 . 3 • 3 Pr oduct Distribution 

Another important reaction characteristic, that of 
product distribution, was also obtained from these studies. 

The products were analysed by Perkin-Elmer Model 137 ir 
spoctrometer. The product distribution as a function of 
catalyst weight is presented in Table 1. The molar concen- 
tration of alcohol and ketone produced were same. 

4.3.4 Reaction Mechanism 

Tho experimental results presented above have convincingly 
shown that : 

1. The apparent orders of the reaction with respect to 
oatalyst ratio and hydrocarbon concentration are 0,5 and 1.0 
respectively. 

2. There is a critical weight of the catalysts above 
which the rate of oxidation drops sharply and this limiting 
ratio of oxidation is proportional to the square of hydrocarbon 



3 ^ 



Fig. 5 - The dependence of oxygen absorption rote on 
the catalyst ratio for tetralin oxidation at 
65*C tor NiO-20-450-12 catolyst. 
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TABLE 1 : DISIRIBUTIOB OF PRODUCTS OF TETBALIN OXIDATION 
Temperature ; 65°C 

Duration of Run : 30 minutes 
Vol. of Tetralin : 50 ml. 


On.talyst 
wciMit in 

Product Distribution (mole per cent 

oxidized product) 

of total 

Hydroperoxide 

Tetralyl Alcohol 

Tetralone 

1.0 

87 

7.4 

5.6 

2.5 

80 

8.2 

11.8 

5,0 

57.6 

21.2 

21.2 

10.0 

44.4 

26.0 

29.6 


15.0 


13.5 


45.5 


41.2 
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concGiitration, 

To explain the kinetics of cyclohexene oxidation a 
general mechanism was proposed by Heuberg et al.[7] and 
used by Srivastava et al. [3,10-11] to explain the kinetics 
of cumene oxidation. Their scheme is adopted below; 


Initiation 
HO OH + M 



ROOH M 



OH M 

+ H 2 O + M 

R* 


( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 


Propjigation 




ROOH + R* 


(5) 

(S) 


Temination 




inactive products + Oo 
(RO 2 M) 



inactive products 


( 7 ) 

( 8 ) 

( 9 ) 


If the tonnination rate of peroxy radicals on the catalyst | 
surf n , 00 (Eq.s. 8 and 9) is negligible compared with the biradiej 
tonaination rate (Eq..7) then the rate of oxidation will bo ! 


given by 
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■-d[02] R 1/2 

dt ■ - h (“2 ) 


[RH] 


It may be asstuiied that R^^ is proportional to amount of 
catalyst. The experimental orders agree well with the deriwed 
rate expression. 

If it is assumed that at the limiting rate of oxidation 
of rate of f ormation of hydroperoxide through reaction (6) 
becomes equal to the rate of decomposition then the limiting 


rate of oxidation is given as 


-d[ 0, ] a K? [EH]^ 
dt = 2Kj+I!3Kg[M] 

F 

where a is the fraction of hydroperoxide yielding free radicals.: 

i 

The derivation is similar to one proposed by Reuberg et al,[7] . | 
The reaction order of this expression is consistent with the 
experimental results of the present work. Therefore, it can 
bo concluded that the catalytic activity of supported RiO is 
mainly due to the capability of decomposing hydroperoxide in 
the chain initiating radicals. The similarity in the kinetic 
behaviour of cyclohexeno and tetralin may be due to formation 
of resonance stabilized radical species (R ) in each of these 


oases 
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4.4 CONCLUSIONS 

The catalyst having 20 per cent by weight of NiO on 
Al20^ heat treated at 450°C for 12 hours showed the maximum, 
rate, in order of one was found with respect to hydrocarbon 
concentration in the region where the limiting rate of oxidation 
was not attained while an order of 2 was found in the region 
where the limiting oxidation is reached. In order of 0.5 was 
found with respect to catalyst amount. The apparent activation 
energy for the overall oxidation was 11.8 Kcal mole*"^. 1 
mocha, niau was proposed to fit the data. The kinetic expression 
derived was well in line with the experimental rate equation. 

The catalytic activity of supported NiO is mainly due 
to tihu capability of decomposing hydroperoxide in the chain 
initiating radicals. 
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